Simultaneous 201 Tl/ 99m Tc-sestamibi dual-isotope myocardial perfusion SPECT imaging can reduce imaging time and produce perfectly registered rest/stress images. However, crosstalk from 99m Tc into 201 Tl images can significantly reduce 201 Tl image quality. We have developed a model-based compensation (MBC) method to compensate for this crosstalk. The method has previously been validated with phantom and simulation studies. In this study, we evaluated the MBC method using a canine model.
INTRODUCTION
Myocardial perfusion single-photon emission computed tomography (SPECT, MPS) is a useful tool for detection and characterization of coronary artery disease. [1] [2] [3] [4] In general, MPS requires two imaging sessions, one each for the rest and stress images. [5] [6] [7] This can make patient scheduling challenging and reduce throughput. In addition, the fact that the stress and rest images are obtained separately means that they may not be perfectly registered, and motion artifacts and artifacts due to anatomical features in the patient such as the diaphragm may be different in the two images. These factors can complicate the use of MPS images to accurately categorize patients.
Dual-isotope simultaneous acquisition (DISA) protocols have been proposed to allow simultaneous imaging of radiopharmaceuticals labeled with different radionuclides. 2 For instance, in cardiac imaging, simultaneous acquisition of 201 Tl injected at rest and 99m Tcsestamibi injected at stress can be used to acquire rest and stress studies in a single scan. 8, 9 In addition to providing perfect registration in time and space, DISA techniques promise to provide reduced acquisition time, improved patient comfort, and better clinical throughput than single-isotope or dual-isotope techniques using sequential acquisitions. However, for DISA imaging, interactions of the photons in the patient, collimatordetector system, or the limited energy resolution of gamma cameras can result in crosstalk contamination between the two isotopes. This crosstalk results in a reduction in image quality that limits both quantitative accuracy and the ability to detect abnormalities and classify patients based on the simultaneously acquired images. Previous work has shown that, in the case of 201 Tl and 99m Tc-sestamibi rest and stress imaging, crosstalk degrades the diagnostic image quality. 10 A number of techniques have been proposed to reduce the impact of crosstalk and compensate for its effects. The methods usually involve estimating and subtracting the crosstalk prior to reconstruction or reconstruction-based compensation. [11] [12] [13] [14] [15] [16] Reconstruction-based compensation methods use iterative reconstruction algorithms combined with methods for estimating the crosstalk contamination either before reconstruction or during reconstruction. Crosstalk estimation can be performed either in the spatial domain using crosstalk models [16] [17] [18] or using energy windowbased methods. 11, 12, 15 We have developed a model-based crosstalk compensation (MBC) method that models photon interactions inside both the object and the collimator-detector system [18] [19] [20] and compensates for this crosstalk via iterative reconstruction. 21 From previous simulation and physical phantom studies, we have demonstrated that MBC methods can provide image quality that is much improved compared to those without compensation, and approaches that obtained with sequential acquisition. 18, 22, 23 We have also developed dual-isotope reconstruction methods that exploit the registration of the rest-stress images to reduce image noise. 24 In this work, we further evaluate the model-based crosstalk compensation using animal studies that provide a test of the methods in a biological system.
MATERIALS AND METHODS

Animal Preparation
The animal protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Johns Hopkins University. 25 Fifty adult male mongrel dogs (20-30 kg) were anesthetized, and vital signs, such as blood pressure, pulse-ox, and heart rate were continually monitored. The number of animals was chosen based on our previous experience with the sample size needed to provide enough statistical power to evaluate attenuation and scatter compensation methods. The animals underwent a left thoracotomy, which allowed access to the great vessels and coronary arteries. Aortic, venous, and left atrial catheters were inserted for blood sampling, and radiotracer injection, respectively. The left anterior descending (LAD, n = 23) or left circumflex (LCx, n = 27) coronary artery was exposed, and a variable stenosis was induced using an adjustable suture or a plastic screw occluder. An electromagnetic flow probe was temporarily placed around the artery to assess hyperemic response to temporary total occlusion. A degree of stenosis was used that reduced the hyperemic response by approximately 25%-75%. The arteries in some animals (n = 6, 4 LCx and 2 LAD) were completely occluded to generate acute infarction. The dog's chest was then closed, and the animal transported to the imaging room. The severity of the perfusion defects generated, based on the ischemic to non-ischemic area activity concentration ratios obtained from the stress images, ranged from 0.04 (total occlusion) to 0.88 (mild defect). The severities were relatively uniformly distributed over this range. The defect extents ranged from 5%-30% of the total myocardium volume. The size was related to the severity, with lesions with the highest severity also having the largest extent.
Imaging Protocol
All imaging studies were performed on a GE Discovery VH SPECT/CT system. During imaging, the animals were positioned supine on the imaging table and remained in exactly the same position for the duration of the study.
Two imaging protocols were used. In the first protocol, 111 MBq (3 mCi) of 201 Tl was injected. Single-isotope rest SPECT and CT projection data were acquired 10-15 minutes after thallium injection. After rest imaging, to mimic cardiovascular stress and flow defects, adenosine was administered (0.28 mg kg -1 min -1 ) while the systolic BP was supported by an IV drip of phenylephrine in order to maintain blood pressure above 80 mm Hg. At peak stress, 740 MBq (20 mCi) of 99m Tc-sestamibi were injected. The adenosine infusion was stopped 4-5 minutes after 99m Tc-sestamibi injection. Simultaneous dual-isotope SPECT imaging was then performed 45 minutes after this to acquire data in both 201 Tl and 99m Tc energy windows. The animal was euthanized immediately after acquisition of the SPECT image as described below. For the SPECT acquisition, low energy high resolution (LEHR) collimators were used. Projections were acquired for 28 seconds per view in 60 views over 180°f rom 45°RAO to 45°LPO. The projection data were acquired in a 128 9 128 image with a pixel size of 0.345 cm. The energy windows were 20% wide and centered at 140.5 keV for 99m Tc; windows of 30% width centered at 72 keV and 15% centered at 167 keV were used for 201 Tl. After each SPECT scan, low dose CT images were acquired and used to generate attenuation maps for both the 99m Tc window and 201 Tl windows. For this imaging protocol, 12 dogs had LAD defects, and 13 had LCx defects. This protocol had the advantage of providing both simultaneous and separately acquired 201 Tl projections, and allowed direct comparison of the images. However, there was a long delay (*3-4 hours) between the 201 Tl injection and the euthanizing of the animal for ex vivo counting of the myocardium (described below), which could result in redistribution of the 201 Tl. 26 The second protocol was more similar to how the protocol would be implemented clinically, and provided a 201 Tl image that more truly represented the rest blood flow. Adenosine was first administered and 740 MBq (20 mCi) of 99m Tc-sestamibi were injected at peak stress. Forty-five minutes after 99m Tcsestamibi injection 111 MBq (3 mCi) of 201 Tl were injected at rest. A dual-isotope SPECT acquisition was performed 10-15 minutes after 201 Tl injection with projection images acquired in both energy windows. For this protocol, there were 11 dogs imaged with LAD defects and 14 dogs imaged with LCx defects. This protocol had the disadvantage that it did not allow direct comparison of separately and simultaneously acquired images.
Results from both imaging protocols were compared with ex vivo data described below.
Post-Imaging Ex Vivo Processing
After imaging, a suture was placed around the coronary artery at the site of the occlusion or stenosis. 25 The coronary artery was then tied at the point of stenosis to occlude the vessel. Monastral blue dye (MB 0.5 cc kg -1 ) was injected into the left atrium to stain myocardium remote to the stenosed territory. The animal was then euthanized with a saturated solution of potassium chloride, if necessary. The overdose was verified with blood pressure, pulse-ox, or ECG. The heart was excised and the right ventricle and great vessels were discarded. The left ventricle was then sliced into five or six 1-cm-thick slice rings perpendicular to the short axis. The rings were incubated in 10% formalin at room temperature overnight. Later, the rings were rinsed free of formalin and weighed and were each affixed to a styrofoam template demarcated with 16 ''rays'' emanating from a central point. Pins were placed transmurally around the circumference of the rings at the points where the ''rays'' bisected the endo-and epi-cardial surfaces of the rings. This produced 16 wedges in all of the rings. The LV outline and monastral blue areas were traced on acrylic sheet protectors laid over the rings and also were digitally photographed. The apical aspect of all of rings were used except the apex ring where the basal aspect was used ( Figure 1) . Each of the 16 wedges was then bisected into endo-and epi-cardial halves. The 32 pieces were weighed and then counted in a scintillation well-counter (Perkin Elmer D5003 Cobra gamma counter) for 2-5 minutes each to record the counts in the 99m Tc window (124-170 keV) and the 201 Tl window (58-96 keV), respectively. A spillover matrix measured from standard sources was used to correct the contamination between two isotopes in the measured counts. The efficacy of the spillover correction was validated by comparing the corrected 201 Tl counts with those measured 85 hours later (*14 half lives of 99m Tc), which were almost identical after decay correction. The counts were then normalized by dividing the counts by the weight of each sample. If the rings passed through the ischemic region, the ischemic and normal region could be visually differentiated by the monastral blue stain, with the normal region being stained positively by the dye. The ratios of weight-normalized counts between the center wedges of ischemic region and the center wedges of non-ischemic region were then computed for 99m Tc and 201 Tl, respectively.
Image Reconstruction and Crosstalk Compensation
The SPECT images were reconstructed using the iterative ordered-subset expectation-maximization (OS-EM) algorithm. Compensations for attenuation, self-scatter, and the collimatordetector response of peak energy photons for each isotope were all modeled during the iterative reconstruction process. Attenuation was modeled using CT generated attenuation maps, with conversion from CT values to appropriate attenuation values performed using software provided on the scanner. Scatter was modeled during reconstruction in the forward projection process, using the ESSE method. 21, 27, 28 Distancedependent detector response blurring was modeled using analytical models of the collimator geometric response. 29, 30 A total of 5 iterations with 12 subsets per iteration was used. The numbers of iterations and subsets used were based on the results of a previous study using simulated data. 23 No postreconstruction filtering was used, in order to avoid introducing additional partial volume effects.
Because the main emission peaks of 201 Tl were below the 140.5 keV peak of 99m Tc and the injected 201 Tl activities were lower than that of 99m Tc-sestamibi, crosstalk contamination from 201 Tl to the 99m Tc energy windows was very small and was ignored. Thus, the 99m Tc images were first reconstructed from the 99m Tc energy window projections of the simultaneously acquired data and treated as contamination free. The 99m Tc distribution in the reconstructed 99m Tc images was then used as an input to the model-based method to compute the crosstalk contamination in the 201 Tl window. The method has been previously described in detail. 23 In the model-based method, the photons scattered inside the object, including those directly scattered into the 201 Tl energy window as well as photons scattered into higher energy ranges and subsequently interacting in the collimator-detector system and detected in the 201 Tl energy window, were modeled using ESSE techniques. 19 The effects of photon interactions inside the collimator-detector system, including collimator scatter and lead x-rays, and finite energy resolution were modeled using pre-calculated collimator-detector response functions (CDRFs) estimated using Monte Carlo simulations of point sources at various distances from the surface of the collimator. 20 The estimated crosstalk was then compensated for by adding the estimates to the estimated projections in the forward projection step during iterative reconstruction of 201 Tl images. 18 For comparison, we also reconstructed 201 Tl images without crosstalk. The reconstruction and crosstalk estimation was performed using a single core of a 2.2 GHz AMD Opteron 275 CPU and in a computer with 2 Gb of memory. It took 1 minute per iteration for OS-EM reconstruction with compensation for attenuation, scatter, and collimator-detector response. It took about 10 minutes to estimate crosstalk using the model-based method. The total time required to generate all the images was around 20 minutes: 5 minutes to reconstruct the 99m Tc images, 10 minutes for crosstalk estimation, and 5 minutes to reconstruct the 201 Tl images.
Data Analysis
For all 50 dogs, the SPECT images were compared with ex vivo data. First, the reconstructed SPECT images were reoriented to generate 15-18 short-axis slices with a 0.345 cm slice thickness. The short-axis images were then matched with the ex vivo heart ring slices along the long axis by comparing land marks such as the junction of the right and left ventricles and distance from the apex. The short-axis slices were then summed to give *1-cm-thick rings that matched the thickness of the ex vivo rings. In the SPECT images, the ischemic regions were identified with a 4 9 4 voxel region-of-interest (ROI) placed at the center of the most severe area of ischemia. This ROI size was chosen as a compromise between reducing the effects of partial volume and noise and was based on a previous dog study of perfusion defects. A 4 9 4 voxel ROI was also placed on the myocardium in a normal area 180°o pposite the center of the ischemic region. The ROIs were defined in the stress 99m Tc-sestamibi images because they had better defect contrast than in the rest images. The ROIs were then applied directly to the simultaneously acquired 201 Tl images without adjustment because they were naturally registered both in time and space. The mean activity concentrations inside the ROIs were then measured and the activity concentration ratio between the ischemic region and normal (non-ischemic) region was computed. The correlation between the ischemic to non-ischemic ratios obtained from the images and the ex vivo data was calculated. The correlation between the simultaneous dual-isotope and single-isotope rest images was also calculated for the first acquisition protocol. In addition, we generated circumferential profiles from the shortaxis images and compared those with profiles generated from ex vivo counting data. Figure 2 shows examples of short-axis image slices from 99m Tc-sestamibi stress images reconstructed from simultaneously acquired dual-isotope data. The examples demonstrate a severe LCx defect. Circumferential profiles of these images are plotted in Figure 3 as well as the result from ex vivo data. The profiles were normalized to have the same averaged intensity in the septalanterior region, which, for this dog, had normal uptake. There was a good match between SPECT results and the ex vivo data. The edges of the defect are not as sharp in the SPECT images due to limited spatial resolution. In Figure 4 , the activity concentration ratios between the ischemic and non-ischemic regions computed from simultaneously acquired 99m Tc-sestamibi stress SPECT data are plotted as a function of values from corresponding ex vivo counting results. The regression line had the equation y = 0.77x ? 0.07 and a correlation coefficient of r = 0.914 (P \ .0001). There was good correlation between the ratios from the SPECT images and the ratios from ex vivo data, indicating that crosstalk from the 201 Tl did not affect the image quality of 99m Tc in simultaneously acquired data. Figure 5 shows short-axis slices of the 201 Tl rest images from the same dog study as Figure 2 . The images are from single-isotope 201 Tl images and the simultaneously acquired dual-isotope data reconstructed without and with model-based crosstalk compensation. Circumferential profiles from those images are plotted in Figure 6 and compared with the ex vivo results. The profiles were normalized to have the same average intensity in the septal-anterior region, which, for this dog, had normal uptake. Without compensation, the crosstalk greatly reduced the contrast in the defect region, as is seen in both Figures 5 and 6 . Model-based crosstalk compensation removed the effect of the crosstalk and results were in good agreement with those from single-isotope images and from ex vivo counting. Figure 7 shows short-axis images of the 201 Tl rest images from another dog with an LCx defect. The images are from single-isotope 201 Tl images and the simultaneously acquired dual-isotope data reconstructed without and with model-based crosstalk compensation. Polar maps from those images are also shown at the bottom of Figure 7 . Clearly, for this dog, without compensation, the crosstalk from high liver uptake of 99m Tc sestamibi completely obscured the defect in the inferior wall and created an artifactual defect in the anterolateral wall. After model-based crosstalk compensation, the artifactual anterolateral defect disappeared and the inferior wall defect was revealed. The short-axis images and polar map with MBC were in good agreement with those from single-isotope images.
RESULTS
In Figure 8 , the activity concentration ratios between the ischemic region and the normal (non-ischemic) region Tc sestamibi stress images and ex vivo counting data. The profiles were normalized to have the same averaged intensity in the septal-anterior region, which, for this dog, had normal uptake. computed from simultaneously acquired 201 Tl rest SPECT data with and without model-based crosstalk compensation are plotted as a function of ratios from the ex vivo data. Data from all 50 dogs are included in the figure. Points with different colors/shapes were used to denote the first and the second protocols. Without compensation, defects with an ex vivo ischemic to nonischemic ratio less than 0.5 had a statistically significant reduction in contrast with a mean difference of 0.26 ± 0.23 (P = .006 from a paired Student's t test). After model-based compensation (MBC), the ischemic to non-ischemic ratio was significantly improved (P = .006) with a mean difference of -0.12 ± 0.15. The regression line had an equation y = 0.45x ? 0.39 and a correlation coefficient r = 0.495 (P = .001) for images reconstructed without crosstalk compensation, and y = 0.93x -0.10 and a correlation coefficient r = 0.815 (P \ .0001) for images reconstructed with crosstalk compensation. After compensation, the data were in good agreement with the ex vivo results. To compare the difference between the slopes and the correlation coefficients of the two methods, a bootstrap method was used to generate 100 sets of simulated data based on the measured results shown in Figure 8 . A paired t test showed that there was a statistically significant difference between the slopes (0.45 vs 0.93, P \ .0001) and the correlation coefficients (0.495 vs 0.815, P \ .0001). Figure 2 . The top row is from single-isotope 201 Tl images. The second row is from simultaneously acquired dualisotope data reconstructed without crosstalk compensation. The third row is from simultaneously acquired dual-isotope data reconstructed with crosstalk compensation.
In the first protocol, a separate single-isotope 201 Tl rest image was also acquired. In Figure 9 , the activity concentration ratios between the ischemic and nonischemic regions computed from simultaneously acquired 201 Tl rest SPECT data with and without model-based crosstalk compensation are plotted as a function of the ratios from the rest 201 Tl SPECT data for the 25 dogs imaged with the first protocol. The regression lines had the equations y = 0.69x ? 0.43 with a correlation coefficient of r = 0.703 (P = .0062) for images without crosstalk compensation, and y = 1.01x ? 0.13 with a correlation coefficient of r = 0.861 (P = .0001) for images reconstructed with crosstalk compensation. Again, to compare the difference between the slopes and correlation coefficients of the two methods, a bootstrap method was used to generate 100 sets of simulated data based on the measured results shown in Figure 9 . The paired t test showed that there was a statistically significant difference between the slopes (0.69 vs 1.01, P = .0168) and the correlation coefficients (0.703 vs 0.861, P \ .0001). After compensation, the simultaneously acquired 201 Tl data were in good agreement with the single-isotope 201 Tl images, which also agreed well with the ex vivo data. Overall, the single-isotope images had lower IS-NIS ratios (i.e., higher/better defect contrast) compared to the dualisotope images and the ex vivo data. The difference between single-isotope images results and the ex vivo results was -0.24 ± 0.21 (P = .000125, paired t test). The difference between single-isotope images results and the model-based compensated dual-isotope results was -0.13 ± 0.18 (P = .0045, paired t test). One explanation of this is that there was a 3-4 hour delay between the single-isotope 201 Tl imaging and the dualisotope imaging and euthanizing of the animal. The redistribution of 201 Tl during this period could have reduced the lesion contrast, causing increased IS-NIS ratios in the dual-isotope images and the ex vivo data. 26 As demonstrated in Figure 8 , all the data points with ex vivo 201 Tl activity concentration ratios between the ischemic and non-ischemic regions that were larger than 1.0 were from the first imaging protocol.
DISCUSSION
DISA SPECT imaging is a unique tool for simultaneously assessing stress and rest myocardial perfusion with a single imaging session. It greatly shortens the image acquisition time and provides perfectly registered rest/stress images. However, as demonstrated in this work, the crosstalk between two isotopes can significantly reduce image quality and quantitative accuracy, especially for the images of the radionuclide with the lower emission energies. The crosstalk is caused by photon interactions within the object and the collimatordetector system. For simultaneous dual-isotope imaging of 201 Tl/ 99m Tc, because 99m Tc has a higher emission energy, the effects of 201 Tl crosstalk on 99m Tc images are small, as shown in Figures 3 and 4 . On the other hand, the 99m Tc crosstalk has a significant impact on the image quality of 201 Tl. In this study, 99m Tc crosstalk contributed around 50% of the total counts recorded in the 201 Tl energy window. The two main sources of crosstalk are the multiple Compton scatterings of 99m Tc photons in the object that result in photons with energies that lie in the 201 Tl energy window, and the lead x-rays emitted from the collimator after 99m Tc photon interactions. 20 Both factors contribute to crosstalk contamination that has a very broad spatial distribution and that reduces the contrast of the entire images, and especially of myocardial perfusion defects. For example, in Figures 5 and 6 , crosstalk from the high liver uptake of 99m Tc-sestamibi greatly increased the image intensity in the inferior wall, reducing the contrast of the inferior wall defect and causing it to appear ''normal.'' In some cases (Figure 7 ), this could even produce an artifactual lesion in the anterior-lateral wall. Thus, without compensation, the simultaneously acquired 201 Tl rest images would suggest a less severe or absent rest perfusion defect, or even an artifactual defect, potentially leading to an inaccurate diagnosis.
To reduce the effects of the crosstalk contamination, accurate compensation is required. The model-based method developed in our lab includes complete modeling of imaging physics, and has been demonstrated to effectively remove the effect of crosstalk in phantom and simulation studies. In this work, we have Figure 6 . Circumferential profiles of 201 Tl rest images and the ex vivo results. Single, single-isotope 201 Tl image; NC, simultaneously acquired dual-isotope data reconstructed without crosstalk compensation; and MBC, simultaneously acquired dual-isotope data reconstructed with crosstalk compensation. The profiles were normalized to have equal average intensity in the septal-anterior region, which had normal uptake.
demonstrated this in a biological system, as can be seen in results shown in Figures 5, 6, 7, 8 , and 9. In Figures 5  and 6 , with MBC the crosstalk was greatly reduced and the images were close to those from single-isotope imaging. The ischemic to non-ischemic ratio was also similar to that from ex vivo counting data. The defect contrasts were improved and closer to the truth. As shown in Figure 8 , after compensation, the activity concentration ratios between the ischemic and the nonischemic regions were in good correlation with the ratios from ex vivo data. The regression line was almost parallel to the line of identity, having a slope of 0.93, indicating that the MBC gives a more consistent measure of defect severity compared to the true severity Figure 7 . Short-axis slices and the polar maps of the 201 Tl rest images from a dog with LCx defect. The top row is from single-isotope 201 Tl images (single). The second row is from simultaneously acquired dual-isotope data reconstructed without crosstalk compensation (NC). The third row is from simultaneously acquired dual-isotope data reconstructed with crosstalk compensation (MBC). From left to right, the polar maps are for single, NC, and MBC, respectively. over the range of severities studied. By contrast, for the NC case, the severity of severe defects was underestimated and that of mild defects was overestimated. Figure 9 also shows there was good agreement between the activity concentration ratios computed from crosstalk compensated results and the single-isotope data, with a correlation coefficient of 0.861 as opposed to 0.703 for data without crosstalk compensation. All these results demonstrate that model-based crosstalk compensation is effective in reducing the crosstalk in biological systems.
In Figures 8 and 9 , some values of the activity concentration ratios between ischemic region and the normal region were greater than 1 for very mild defects. This could be partly due to image noise and the fact that for mild reversible perfusion defects the 201 Tl rest images may actually have had normal uptake levels in those regions. 201 Tl redistribution could also play a role, as Figures 7 and 8 also show that the single-isotope 201 Tl IS-NIS ratios were smaller than those measured from dual-isotope 201 Tl data, which were again smaller than those measured from ex vivo data.
There were two imaging protocols used in this study. Figure 8 where all the data points having an ex vivo ischemic to non-ischemic ratio larger than 1.0 were from protocol 1. This was also demonstrated by the fact that the single-isotope 201 Tl images had lower ischemic to non-ischemic ratios as compared with both crosstalk compensated dual-isotope images and the ex vivo data, 26 and these differences were statistically significant. This indicates that the second protocol, where the 201 Tl is administered shortly before the image acquisition, would be preferred for clinical imaging.
Two different occlusion locations were used. There were differences between the LCx defect and the LAD defect in images without crosstalk compensation. As shown in Figures 5, 6 , and 7, crosstalk from high 99m Tc activity concentration in the liver had a large impact on the LCx defect. The effects on the LAD region were not as large due to its distance from the liver. After modelbased crosstalk compensation, the differences between the LAD defect and the LCx defect were small. Overall, the data showed that results from both imaging protocols were very similar in terms of comparing NC with MBC. Therefore, the aggregate results that included all the defect locations and imaging protocols were used in Figure 8 in order to improve statistical power.
The injected activities of 111 MBq (3 mCi) 201 Tl and 740 MBq (20 mCi) 99m Tc were chosen to be similar to human studies at the time the study was started. For a typical human study that uses 925 MBq (25 mCi) 99m Tc and 111 MBq (3 mCi) 201 Tl, count levels of around 32,000 counts/view in the 99m Tc energy window and around 14,000 counts/view in the 201 Tl energy window were observed. For the activities used in this study, the resulting count levels were around 31,000 counts/view in the 99m Tc energy window and around 20,000 counts/ view in the 201 Tl energy window. Thus, the noise levels in these dog data were similar to clinical levels, with the noise in the 201 Tl images being somewhat lower. Validation of the MBC method using simulated data Figure 8 . The activity concentration ratio between the ischemic region and non-ischemic region computed from 201 Tl rest SPECT data plotted as a function of the ratio from the ex vivo counting data from all 50 dogs. NC, simultaneously acquired dual-isotope data reconstructed without crosstalk compensation; MBC, simultaneously acquired dual-isotope data reconstructed with crosstalk compensation. Figure 9 . The activity concentration ratio between the ischemic region and non-ischemic region computed from dualisotope 201 Tl rest SPECT data plotted as a function of the ratio from the single-isotope 201 Tl rest SPECT data from the 25 dogs imaged with the first protocol. NC denotes simultaneously acquired dual-isotope data reconstructed without crosstalk compensation; and MBC denotes simultaneously acquired dual-isotope data reconstructed with crosstalk compensation.
with higher noise levels is under way and has shown good results. From multiple noise realization studies, we also found that the model-based estimates approximated a mean of crosstalk and thus the compensation could not remove the randomness in the data contributed by the crosstalk photons. 22 In the model-based method investigated here, crosstalk is estimated by modeling the image formation process. Only projections recorded in the primary energy windows of the two isotopes are required. An alternative method for estimating crosstalk is using projections acquired in multiple energy windows. Nakamura et al. 31 achieved good results in patient studies using a multiple energy windows method developed by Moore et al. 15 Energy window-based methods generally require the use of a large number (greater than 4) of energy windows, a capability not provided by many cameras and not provided by the camera used in this study. In addition, data in the auxiliary energy windows are often quite noisy, especially when the energy windows are narrow. This noise can result in either additional noise in the compensated data or bias in the crosstalk estimates. The principle advantage of energy-based compensation methods is that they are simple to implement and usually do not increase computational complexity. The results of this study demonstrate the capabilities of MBC methods, and thus the feasibility of simultaneous dual-isotope imaging, in a biological system. However, they do not provide information about the relative merit of different crosstalk compensation methods.
In recent years, there has been a trend away from the use of 201 Tl due to concerns about patient radiation dose. However, 201 Tl remains a useful agent with better perfusion characteristics than available 99m Tc SPECT perfusion agents. When combined with a 99m Tc agent in a simultaneous dual-isotope imaging protocol, there are advantages in reduced imaging time, improved patient comfort, and perfectly registered images. This study demonstrates that, with appropriate crosstalk compensation, the potential benefits of simultaneous dual-isotope imaging can be achieved in biological systems. However, dose concerns may reduce the clinical impact of this method. However, there are three factors that may allow reduction of the 201 Tl activity to a level where the dose is clinically acceptable.
First, in the studies here the simultaneous dualisotope images were essentially acquired in half the total time to acquire the separate rest and stress images. This total reduction in acquisition time could be traded for reduced T 201 activity. For example, the acquisition duration could be increased by 50% and the dose reduced by a third. This would give the same noise level with a one-third reduction in acquisition time compared to a separate acquisition protocol.
Second, there have recently been a number of studies indicating that advanced reconstruction and compensation methods can be used to allow reduced acquisition time or dose with no loss of image quality. 24, 32, 33 There is every reason to believe that similar gains would be obtained for simultaneous imaging. In addition, novel dual-tracer reconstruction algorithms have been developed that take advantage of the inherent spatial registration of simultaneously acquired data. Simulation studies have shown these methods to provide an advantage in perfusion defect detection compared to conventional reconstruction methods. 24 This improved defect detection could be traded for an additional reduction in radiation dose.
Finally, a number of recent novel cardiac SPECT systems have been developed that provide increased sensitivity. 34, 35 There is no reason that the model-based crosstalk compensation method presented here could not be adapted to these systems. The extra sensitivity provided by these systems could be used to reduce the 201 Tl dose for this dual-isotope protocol just as it has for single-isotope 201 Tl and 99m Tc single-isotope protocols.
NEW KNOWLEDGE GAINED
Simultaneous dual-isotope stress/rest imaging can improve patient comfort by reducing total imaging time. It can also provide stress and rest perfusion images that are perfectly registered in both space and time. This study investigated simultaneous 99m Tc stress and 201 Tl-201 rest imaging with canine studies and demonstrated that crosstalk reduces perfusion defect contrast. In inferior wall defects when there is significant liver uptake of the 99m Tc agent, inferior wall defects in the 201 Tl image can be completely obscured. However, when careful crosstalk compensation is applied it is possible to acquire simultaneous dual-isotope stress/rest perfusion images with similar qualities, both qualitatively and quantitatively, as separately acquired images.
CONCLUSIONS
We have evaluated simultaneous 201 Tl/ 99m Tc rest/ stress cardiac imaging with model-based crosstalk compensation using canine models. We observed that crosstalk from 99m Tc photons to the 201 Tl energy window reduced contrast in 201 Tl rest images and, some instances, caused an artifactual defect in the anterolateral wall for dogs with LCx defects. Compared with ex vivo data, without compensation, the defect severity of ischemic regions in the rest images was significantly reduced for severe defects (mean difference = 0.26 ± 0.23, P = .006). After MBC, the defect contrast was substantially improved (mean difference = -0.12 ± 0.15), and the improvement was statistically significant (P = .006). The ischemic to non-ischemic ratios were well correlated (r = 0.815, P \ .0001) with the ex vivo data, indicating that model-based crosstalk compensation can provide a substantial reduction of crosstalk in the simultaneously acquired data. The slope of the regression line was also significantly improved from 0.45 to 0.93 (P \ .0001). These results demonstrate that model-based crosstalk compensation can provide substantial reduction of crosstalk effects in simultaneously acquired myocardial perfusion SPECT images in living biological systems.
